We present a novel approach to the improvement of the bit error rate (BER) in optical communications. We propose a design of advanced optical receiver enhanced by a nonlinear all-optical decision element. As a particular example, we demonstrate a substantial improvement in the BER over the conventional receiver for operation at 40 Gbits/ s. Signal processing is an attractive technique for further improvement of the performance of fiber transmission systems. The full potential of all-optical data processing is still to be realized in a variety of possible applications. In this work, we present an example of a novel approach to the design of an optical receiver for high-speed optical fiber communication systems using return-to-zero (RZ) data formats. The design is based on employing an additional all-optical decision element (ODE) just before the conventional receiver. In this way, a first decision is carried out in the optical domain, improving the quality of the signal to be received. A number of nonlinear ODE schemes have been proposed recently.
Signal processing is an attractive technique for further improvement of the performance of fiber transmission systems. The full potential of all-optical data processing is still to be realized in a variety of possible applications. In this work, we present an example of a novel approach to the design of an optical receiver for high-speed optical fiber communication systems using return-to-zero (RZ) data formats. The design is based on employing an additional all-optical decision element (ODE) just before the conventional receiver. In this way, a first decision is carried out in the optical domain, improving the quality of the signal to be received. A number of nonlinear ODE schemes have been proposed recently. [1] [2] [3] [4] Improvement of the bit error rate (BER) by optical devices in the context of optical regeneration was discussed recently in Ref. 5 . While the BER cannot be intrinsically improved by nonlinear optical devices that are characterized by a transfer function determined solely by signal power, ODEs that can discriminate noise from signal (e.g., when different transfer functions are applied to the marks and spaces) are capable of improving the BER. 5 From the information theory viewpoint, this is possible because the decision in the optical domain is based on information that is different from the information used by the decision device in the electrical domain. Here, we demonstrate an application of this new general concept to the particular case of RZ systems limited by timing jitter. Although here we discuss the technical implications of the approach, the proposed concept is rather general and is not limited to the improvement of the performance of a particular transmission system.
For systems using ODEs, the inherent nonlinearity of the optical devices employed causes the receivedvoltage probability density functions (PDFs) of the marks and spaces to have an essentially nonGaussian shape. This invalidates the use of standard estimates of the BER in terms of the well-known Q factor of the signal, which is based on the Gaussian approximation for the statistics. 6 Therefore, here we apply the multicanonical Monte Carlo (MMC) simulation technique 7 to accurately evaluate the performance of a RZ optical receiver enhanced by a nonlinear ODE. The MMC method is widely recognized for its efficiency in determining the complete PDFs while fully accounting for the system nonlinearity, 8 insofar as it iteratively biases Monte Carlo simulations, so that a priori knowledge of how to bias the simulation is not needed, in contrast with most other importance sampling-based techniques. We demonstrate that observable improvement of the BER can be achieved compared with that of a conventional receiver when the proposed device is applied to 40 Gbit/ s signals.
The structure of the proposed ODE-enhanced receiver is shown in Fig. 1 . The receiver is constructed from an optical bandpass filter (OBPF)-demultiplexer, a photodetector with a square-law characteristic, an electrical low-pass filter (ELPF), and a threshold detector at the decision point. The ODE, which is placed in front of the receiver, consists of an erbium-doped fiber amplifier (EDFA), a section of normal dispersion fiber (NDF), and an optical temporal gating device. 3 The principle of the decision function in the optical domain is as follows 3 : an input optical pulse to the ODE is first amplified by the optical amplifier to enhance the effect of nonlinearity in the NDF. During transmission along the NDF, the temporal waveform of the pulse is changed to a rectangularlike profile by the combined action of groupvelocity dispersion and Kerr nonlinearity. 9 As a result, the pulse width is broadened and the center portion of the pulse becomes flat. By utilizing this property, the phase margin of a RZ pulse train is improved, 1 which in turn reduces the influence of the displacement of pulse position in time caused by timing jitter. Indeed, broadening of the pulse width to approximately a 1 bit duration causes the center of mass of the pulse portion contained in the bit slot to Fig. 1 . Scheme of the proposed RZ optical receiver.
move towards the top of the pulse, where timing jitter is less than in the tails as a result of flattening of the pulse envelope. Moreover, temporal broadening and flattening permits the pulse portions containing most of the pulse energy to recover the bit slot for those pulses that are significantly shifted from the center of the bit slot in the input pulse train. Note that strongly time-shifted pulses in the optical domain, once they are converted into electrical pulses and arrive at the decision point, might be missed by the threshold detector in the conventional receiver. In contrast, the temporal broadening and flatteninginduced bit slot recovery in the NDF enables such originally strongly shifted pulses to be recognized as marks in the proposed receiver. This is the basic mechanism that is responsible for BER improvement in the ODE-enhanced receiver. Following the NDF, the pulse enters the temporal gating device. The gate slices the center portion of the broadened pulse temporal profile. Such an effective discrimination of the pulse tails against the center portion enables efficient suppression of the timing jitter of a pulse train. The suppression of timing jitter in the optical domain improves the receiver sensitivity. Indeed, once the detected electrical signal arrives at the decision circuit, the reduced fluctuations of the sampling time from bit to bit, which result from the reduction of the optical timing jitter, lead to reduced fluctuations of the bit sampled values and, consequently, to an improved signal-to-noise ratio. The required temporal gate can be implemented in different ways. For instance, one can exploit an amplitude modulator with a sharp nonlinear transfer function that allows control of the narrowing and sharpening of the modulation peaks and, thus, the degree of slicing of the pulse temporal profile (see Ref. 3 for details) . The improvement of signal quality that can be achieved in the ODEmodified receiver with respect to the conventional receiver is illustrated by the so-called eye diagrams in Fig. 2 . An eye diagram overlays the signal waveform over many cycles (time slots). Each cycle waveform is aligned to a common timing reference, typically a clock. The eye diagram provides a visual indication of the power (amplitude variation) and timing (timing jitter is the fluctuation of the pulse position in time) uncertainty associated with the signal at the detector. The eye of the optical input 40 Gbit/ s RZ signal is closed mainly due to a significant timing jitter of the pulses. When the pulses are detected with the conventional scheme, the pulse width is broadened by the ELPF, and this yields an increase in eye opening. The eye opening detected with the proposed scheme is larger than that in the conventional receiver. This is due to substantial suppression of the timing jitter, which results from temporal slicing of the NDFbroadened and flattened pulse waveforms by the amplitude modulator. Note that the improvement of the Q factor of the signal in the ODE-modified receiver, 3 which can be inferred from the increase of the signal eye opening, gives necessary but not sufficient evidence of an improvement of the system performance, whereas such evidence can be provided only by a direct BER analysis.
We now turn to the main subject of this Letter, which is the quantitative analysis of the performance of the nonlinear ODE-enhanced receiver. We refer to Ref. 3 for details of the system and notations. In particular, we use the modulator transfer function described in Ref. 3 with control parameter m = 12, and the bandwidths of the OBPF and ELPF are set to the respective (optimal) values of 400 and 20 GHz for the conventional receiver and 400 and 40 GHz for the ODE-enhanced receiver. In our simulations, we model the signal to be received by an 8-bit random binary sequence with a bit period of T B = 25 ps. The signal pulses are Gaussian shaped, and have a full width at half-maximum duration of 7 ps and a peak power of 1.6 mW at the input of the ODE. Timing jitter in the signal is modeled by a superposed Gaussian-distributed random shift of the pulse temporal position. The timing jitter standard deviation is 3 ps, unless otherwise specified. When the signal passes the EDFA in the modified receiver, complex Gaussian random noise is appended to the complex signal field. By applying the MMC method, we calculate the distribution of the voltage of the marks and spaces at the decision point in the receiver. We use 30,000 realizations of random variables in the first MMC iteration, and we increase the number of realizations by 15% in each following iteration. Within each iteration we employ the Metropolis algorithm to produce a random walk of samples, with the step size adjusted so that the acceptance ratio is 0.5. The simulation convergency requires up to 15 MMC iterations in the case that we study here.
Our key result is presented in Fig. 3 , which shows the PDFs of the voltage for the marks and the spaces in the conventional and ODE-enhanced receivers. The voltage is normalized to the statistical average of signal voltages in each of the two receiver types. The BER estimated from the calculated PDFs is 4 ϫ 10 −4 for the conventional receiver and 10 −5 for the ODEenhanced receiver. This result demonstrates that significant improvement of the BER can be obtained in the proposed receiver compared with the conventional scheme. We stress the fact that BER improvement is achieved here by making a decision in the optical domain, which is based effectively on using additional information about the signal distortion (timing jitter) with respect to the conventional receiver. The tolerance of the ODE-enhanced receiver performance to the timing jitter of the input signal is shown in Fig. 4 , where the measured BER is plotted versus the input timing jitter standard deviation. We also calculate the BER as a function of the decision threshold. The results are shown in Fig. 5 for the conventional and the ODE-enhanced receivers. It is seen that the proposed receiver can operate at a lower BER than the conventional device for almost any decision level within the considered range, thus outperforming the conventional receiver.
In conclusion, we have presented a new approach to the improvement of the BER in optical communications. We have proposed a design for an advanced RZ receiver enhanced by a nonlinear all-optical decision element. As a particular example, we have exploited an ODE scheme based on an optical temporal gate enhanced by the effect of Kerr nonlinearity in a NDF. Significant improvement in the BER compared with the conventional receiver at a channel rate of 40 Gbits/ s has been demonstrated.
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